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The  Effects  of  Soil  Moisture  on 
Bistatic  Clutter  Power 


1.  INTRODUCTION 

1  -4 

In  a  number  of  earlier  reports  we  have  addressed  the  question  of  the  deter¬ 
mination  of  electromagnetic  scattering  from  rough  surfaces.  In  these  studies  the 
surface  has  been  characterized  by  a  set  or  sets  of  descriptive  parameters  including 

surface  roughness  and  dielectric  constant.  Our  primary  concern  has  been  to 

5 

establish  when  the  standard  Beckmann  and  Spizzichino  definition  of  "glistening" 
(scattering)  surface  combined  with  an  azimuthally  independent  scattering  formula¬ 
tion  is  an  adequate  model  of  the  scattering  and,  conversely,  when  a  more  compre¬ 
hensive  model  is  required.  In  many  instances,  significant  amounts  of  incoherent 

g 

scattered  power  can  be  received  from  areas  excluded  by  the  conventional  definition. 
The  assumption  of  azimuthal  independence  of  the  scattering  cross  section  (a0)  in 
the  standard  model  adds  to  the  differences  between  its  results  and  the  more  exact 

7 

case  where  o°  is  considered  to  vary  with  azimuthal  angle.  Consideration  of  these 
aspects  led  us  to  speculate  as  to  how  differences  in  other  factors  such  as  the  soil 
moisture  levels  would  affect  the  scattering  results.  In  this  report  we  address  that 
question.  We  are  concerned  primarily  with  the  relationship  between  surface 
roughness  and  the  effects  of  moisture  on  electromagnetic  scattering  in  a  bistatic 

(Received  for  publication  27  July  1984) 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 

See  References,  page  41.) 
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geometry  for  a  wide  range  of  system  conditions.  These  include  signal  frequency, 
polarization,  antenna  pattern,  and  relative  antenna  heights.  Some  considerations 
relating  to  the  use  of  different  scattering  models  are  included.  The  interactions 
are  complex  so  the  results  will  be  presented  in  a  format  where  each  parameter  is 
examined  in  succession.  The  variation  of  the  moisture  effects  as  a  function  of 
roughness  is  presented  for  each  case. 

2.  THE  ANALYTICAL  MODELS 

Before  presenting  the  results  we  will  give  a  brief  description  of  the  theoretical 
models  used  in  the  analyses.  Then  we  discuss  the  introduction  of  moisture. 

2.1  Scattering  Models 

Models  for  electromagnetic  wave  scattering  from  rough  surfaces  have  been 

1-4  7 

described  in  considerable  detail  in  the  earlier  studies.  ’  For  the  present 
report  only  some  significant  features  will  be  reviewed,  particularly  those  relating 
to  the  differences  in  the  results.  The  details  are  given  in  Appendix  A. 

The  basic  models  represent  a  bistatic  geometry  in  which  the  signal  from  a  trans¬ 
mitter  is  scattered  by  a  rough  surface  into  a  receiving  antenna.  A  conceptual 
representation  is  shown  in  Figure  1.  The  models  are  constructed  under  physical 
optics  assumptions.  In  these  models  the  normalized  scattering  cross  section  of 

O 

the  surface  (Ruck  et  al  )  includes  an  appropriate  surface  dielectric  constant.  Ex¬ 
cept  where  indicated,  the  signal  is  vertically  polarized.  L  band  and  S  band  fre¬ 
quencies  are  employed.  Several  antenna  power  patterns  have  been  examined.  The 
surface  heights  are  assumed  to  be  described  by  a  bivariate  exponential  distribution, 
with  a  negligible  mean  surface  height.  Additional  system  parameters  are  shown 
in  Table  1.  In  this  study  we  will  discuss  only  the  diffusely  scattered  power. 

In  order  to  introduce  the  moisture  aspects  into  the  analysis,  the  surface  con¬ 
tributing  to  the  scattering  has  to  be  defined.  In  Appendix  A  the  azimuthal  variation 
of  the  surface  scattering  cross  section  and  its  effects  on  the  diffuse  power  have  been 
introduced.  In  the  introduction  we  indicated  how  in  earlier  work  we  used  the  related 
concept  of  a  glistening  surface  over  which  the  cross  section  is  assumed  to  be  azi- 
muthally  independent.  Subsequent  analysis  of  this  concept  resulted  in  the  establish- 

9 

ment  of  limitations  that  apply  to  this  standard  approach.  We  will  discuss  how  that 

8.  Ruck,  G.T.  ,  Be.rrick,  D.  E. ,  Stuart,  W.  D.  ,  and  Krichbaum,  C.K.  (1970) 

Radar  Cross  Section  Handbook,  Vol.  2,  Plenum  Press,  New  York. 

9.  Papa,  R.  J.  ,  Lennon,  J.  F. ,  and  Taylor,  R.  L.  (1984)  The  Use  of  the  Glistening 

Surface  Concept  in  Rough  Surface  Scattering,  RADC-TR-^4-159. 


model  is  affected  by  changes  in  moisture  level  and  how  its  results  differ  from  the 
general  model.  Details  of  this  model  and  its  difference  from  the  general  model 
are  included  in  Appendix  B. 


PULSED 


DIRECT  SIGNAL 


SPECULAR  MULTIPATH 


MONOPULSE  RECEIVER 


DIFFUSE 


MULTIPATH 


ROUGH  TERRAIN 

Figure  1.  Rough  Surface  Scattering  in  a  Typical  Bistatic  Geometry 

Table  1.  Parameters  of  the  Bistatic  System 


Front  end  receiver  noise  figure 

3  dB 

Gain  of  monopulse  receiver  (sum  pattern) 
antenna 

22.  5  dB 

Gain  of  transmitter  antenna 

4  dB 

^Height  of  receiver  antenna 

1220  m 

*Height  of  transmitter  antenna 

100  m 

^Signal  polarization 

vertical 

Peak  transmitter  power 

350  W 

Pulse  length 

20  ji  sec 

*Azimuthal  beamwidth  (receiver) 

3° 

*Wave  length 

0.  275  m 

Transmission  line  loss  factor 

3  dB 

System  processing  loss 

2  dB 

Normalized  pattern  slope 

1.5 

Indicates  a  parameter  that  was  varied  for  some  cases 
in  this  study. 
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2.2  Moisture  Aspects 

As  indicated  previously,  the  moisture  variation  is  introduced  into  the  models 

X- 4 

by  changing  the  value  for  the  dielectric  constant  appropriately.  In  the  early  work, 
we  assigned  dielectric  constants  for  the  terrain  as  described  by  the  geologic  coding 
of  the  data  base.  When  we  turned  to  the  question  of  glistening  surface  limitations, 
we  used  both  the  data  base  values  and  a  number  of  cases  where  the  entire  surface 
was  assumed  to  be  of  uniform  roughness  and  to  be  cultivated  terrain  with  complex 
dielectric  constant,  t  r  -  80  +  j  9.  0. 

In  this  present  analysis,  we  use  three  soil  descriptors  reflecting  different 
moisture  levels  and  consider  how  the  relative  roughness  affects  the  scattering.  111 
For  dry  desert  type  sandy  soil  we  used 

€  (1)  =  2  +  j  l.  62  . 

r  J 

For  ordinary  dry  ground, 
er  (2)  =  4  +  j  0.  006  . 

Finally,  for  moist  soil, 
er  (3)  =  30  +  j  0.  6  . 

These  are  the  basic  values  for  the  study.  In  the  instance  where  the  different  aspects 

of  the  dielectric  constant  are  investigated,  additional  values  are  used  but  these  do 

not  necessarily  correspond  to  physically  meaningful  surface  conditions.  Further 

discussion  of  the  complex  dielectric  constant  will  be  given  in  Section  3.  1.  3,  but 

some  basic  factors  are  worth  noting  here. 

The  complex  dielectric  constant  of  a  surface  consists  of  two  parts  which  are 

describable  in  term  of  the  surface  permittivity,  K,  and  its  conductivity,  o.  Thus, 

e  =  K/t  -  jo/oue  =  e  ,  -  je„  where  e  is  the  dielectric  constant  of  free  space,  f  is 
r  o  o  1  i  o 

the  radar  frequency,  and  w  =  277f. 

Kerr11  discusses  the  relative  behavior  of  the  two  terms  of  the  relative  dielectric 
constant  for  land  types.  For  land  surfaces  both  e  ^  and  tg  are  in  general  much  lower 
than  for  water.  For  dry  soil  the  value  of  e  j  can  be  as  low  as  2  but  is  more  likely 
to  lie  in  the  range  from  3  or  4  to  20.  Small  values  of  t  ^  tend  to  occur  simultaneously 
with  low  values  of  t  ^  for  dry,  rocky,  or  sandy  soil  whereas  higher  values  of  both 
tend  to  occur  for  rich,  fertile  soils. 


10.  Long,  N.  W.  (1975)  Radar  Reflectivity  of  Land  and  Sea,  Lexington  Books, 

11.  Kerr,  D.  E.  (1951)  Propagation  of  Short  Radio  Waves,  McGraw-Hill,  New  York. 


12 


Si 


i 


i- 

s 

% 


| 
r 


Amplitude  and  phase  changes  in  Fresnel  reflection  coefficient  have  been  plotted 

12  13 

as  a  function  of  grazing  angle  for  various  frequencies.  Meeks  shows  the  effect 

of  increasing  moisture  content  on  the  Fresnel  reflection  coefficient  as  a  function  of 

grazing  angle  at  8  GHz.  He  indicates  that  for  both  polarizations  the  effect  is  less 

significant  at  small  angle  and  the  horizontal  results  there  are  far  less  variable  than 

the  vertical  ones.  Also,  the  relative  magnitude  of  the  moisture  curves  is  reversed 

below  about  10°  while  above  that  the  behavior  is  similar  for  the  two  polarizations. 

The  carryover  of  these  factors  into  the  present  analysis  will  be  interesting  to 

observe.  His  values  for  e  as  a  function  of  moisture  and  frequency  are  based  on 

r  14 

results  of  Njoku  and  Kong.  They  indicate  that  t  j  is  essentially  independent  of 
frequency  until  moisture  levels  of  above  20  percent  are  reached,  at  which  point  the 
water  introduces  frequency  effects. 

We  now  turn  to  the  discussion  of  the  results  that  were  generated.  These  results 
show  that  there  is  no  simple  conclusion  about  moisture.  The  effects  turn  out  to  be 
highly  dependent  on  the  conditions  of  interest. 


3.  RESULTS 

The  results  show  the  effect  of  moisture  on  rough  surface  scattering  for  several 
different  sets  of  system  parameters  and  emphasize  that  the  magnitude  of  the  effect 
is  highly  dependent  on  the  level  of  roughness.  In  each  section  we  introduce  the 
aspect  being  addressed  by  considering  the  variation  as  a  function  of  antenna  separa¬ 
tion  for  a  limited  set  of  roughness  conditions.  This  relates  the  material  to  earlier 

1-4 

studies  that  we  have  performed.  Then,  results  are  presented  showing  the  effect 
of  moisture  on  scattering  as  a  function  of  roughness  for  each  particular  set  of 
conditions. 
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3.1  Scattering  Model 

In  this  initial  section  we  want  to  address  several  basic  concepts.  The  first  is 
to  establish  the  baseline  results  for  our  study  of  the  dependence  on  surface  rough¬ 
ness.  Next,  we  show  how  use  of  a  simplified  model  alters  the  initial  results.  Finally, 
we  examine  a  systematic  variation  in  moisture  content  and  the  resultant  effects  on 
the  scattering. 

12.  David,  P. ,  and  Voge,  J.  ( 1969'  Propagation  of  Waves,  Pergamon  Press,  Oxford. 

13.  Meeks,  M.  L.  (1982)  Radar  Propagation  at  Low  Altitudes,  Artech  House,  Dedham. 


14.  Njoku,  E.G.,  and  Kong,  J.A.  ( 1977)  Theory  for  passive  microwave  remote 
sensing  of  near  surface  soil  moisture,  J.  Geophys.  Kes.  82:3108-3118. 


For  these  comparisons  the  antenna  patterns  of  Figure  2  are  assigned  to  the 
receiver  and  the  transmitter  is  assumed  to  have  an  isotropic  antenna  power  pattern. 
The  parameters  of  Table  1  apply.  The  results  with  the  general  scattering  model 
are  identified  as  being  for  the  full  integration  surface.  The  simplified  model  re¬ 
sults  are  referred  to  as  standard  surf.  ,c  results. 

3.  1.  1  INTRODUCTION 

The  initial  results  address  the  topic  of  continuously  varying  the  separation  for 
a  given  roughness  level.  This  corresponds  to  the  results  that  would  occur  if  the 
receiver  were  approaching  the  transmitter  along  a  fixed  trajectory  and  scattering 
calculations  were  made  at  successive  stationary  positions. 

Figure  3  shows  the  diffuse  scattered  power  received  at  a  fixed  antanna  as  the 
receiver  is  moved  along  a  straight  line  path  approaching  the  transmitter.  The  full 
scattering  surface  is  considered  in  this  case.  These  results  do  not  include  the 
shadowing  correction  factor.  The  three  moisture  conditions  are  depicted  for  each 
roughness  level. 

In  Figure  3  several  trends  can  be  seen.  Here,  the  degree  of  roughness  is  in¬ 
versely  proportional  to  T.  As  the  surface  roughness  decreases,  for  a  given 
moisture  factor,  there  is  an  increase  in  the  relative  difference  between  the  peak 
power  for  small  distances  and  that  for  large  separations.  Next,  the  sequence  of 
curves  shows  a  peak  in  magnitude  at  the  intermediate  roughness  level  (T=  100m'. 
Then,  we  can  see  the  effect  of  moisture  content  becomes  more  significant  as  the 
surface  becomes  smoother.  In  these  cases  the  basic  result  is  that  the  normal  and 
sandy  surface  results  are  almost  equivalent  while  the  moist  results  are  quite  dis¬ 
tinct  at  all  separations;  this  does  not  hold  true  in  the  case  with  the  largest  slopes 
for  which  all  three  curves  are  close  beyond  a  separation  of  30  NMi.  The  relative 
magnitudes  of  the  three  moisture  level  curves  remain  of  the  same  order  across 
the  entire  range  of  surface  roughness  conditions. 

g 

As  was  discussed  in  Papa  et  al,  the  diffuse  power  is  a  function  of  a/T.  Thus, 
we  might  expect  that  the  corresponding  moisture  effects  are  equivalent  for  the  same 
a/T  ratio.  This  is  shown  in  Figure  4  which  contains  results  for  the  general  surface 
assumption  for  two  sets  of  conditions  with  approximately  the  same  a/T  ratio,  0.  05. 
Indeed,  a  look  at  Figure  3,  where  the  related  case  a/T  ~  0.  03  is  shown,  indicates 
quite  similar  behavior  in  that  instance  as  well.  This  introduces  the  concept  of  con¬ 
sidering  the  moisture  effects  as  a  function  of  surface  roughness  (a/T)  and  this 
generalization  will  be  examined  in  detail  in  the  following  section. 
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Figure  2.  Azimuthal  Monopulse 
Sum  and  Difference  Power 
Patterns  and  Elevation  Power 
Pattern  for  the  Receive  Antenna 
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In  that  section  we  will  summarize  the  variation  of  moisture  effects  as  a  function 
of  roughness  for  the  basic  set  of  parameters.  Two  soil  conditions  are  presented, 
sandy  and  moist,  and  three  antenna  separations  are  examined.  The  surface  heights 
are  assumed  to  have  an  exponential  distribution  but  this  is  not  critical  as  was  shown 

Q 

in  Papa  et  al.  The  effect  of  shadowing  is  included.  The  difference  in  behavior  that 
appear  when  the  simplified  model  is  used  are  shown.  Only  a  summary  is  presented 
here,  the  detailed  comparison  of  the  differences  for  the  two  models  and  the  relative 
effects  of  shadowing  are  contained  in  Appendix  C. 

3.1.2  COMPARISONS 

The  appropriate  cases  are  summarized  in  Figure  5.  This  shows  the  shadowed 
diffuse  power  as  a  function  of  roughness  and  separation  for  both  surface  moisture 
conditions  and  both  scattering  area  definitions.  The  comparison  of  the  overall  re¬ 
sults  for  the  two  of  scattering  models  shows  a  number  of  distinctive  patterns. 

First,  the  full  integration  peak  power  exceeds  the  usual  integration  surface  levels 
by  about  two  orders  of  magnitude.  Second,  for  all  cases  the  dry  soil  results  exceed 
the  moist  soil  ones  except  at  large  a/T  values.  Next,  the  5  NMi  usual  integration 
case  shows  anomalous  behavior  in  relation  to  the  other  cases.  The  30  NMi  and 
50  NMi  standard  surface  cases  peak  at  smoother  surface  conditions  (o/T  -  0.02) 
than  corresponding  cases  where  the  entire  surface  is  included  (peak  at  o/T  ~  0.05). 

The  oscillations  in  the  moist  surface  curves  for  the  standard  surface  are  not 
present  when  the  full  surface  is  integrated.  This  aspect  is  examined  in  detail  in 
Appendix  C.  This  effect  may  be  due  to  the  fact  that  there  are  no  restrictions  on  the 
values  of  o/T  for  the  full  integration  surface  to  be  valid,  whereas  there  are  the  upper 
limit  restrictions  on  the  values  of  o/T  for  the  standard  surface. 

The  difficulty  with  this  explanation  is  that  the  slope  variations  are  moisture  re¬ 
lated  and  do  not  appear  for  the  sandy  soil  cases.  This  aspect  is  explored  again  in 
Appendix  C.  Thus,  this  simple  explanation  is  not  sufficient  by  itself  and  any  rationale 
for  a  relationship  between  dielectric  constants  and  the  effect  of  violating  roughness 
c  onstraints  is  not  at  all  evident. 

The  case  of  5  NMi  requires  particular  attention.  The  first  point  to  note  is  that, 
at  this  separation,  the  Beckmann  and  Spizzichino  definition  for  the  limits  of  glisten¬ 
ing  surface  results  in  the  disappearance  of  any  such  surface  (difficulty  with  the 
assumption  of  parallelism)  at  small  o/T  values  as  well  as  a  general  lessening  in 
surface  extent  even  at  larger  values.  For  these  conditions  the  moist  surface  re¬ 
sults,  in  particular,  are  different  in  that  they  reach  a  peak  at  o/T  -  1.0.  The  dry 
surface  shadowed  power  curve  also  has  a  delayed  peak  in  comparison  to  other  sepa¬ 
rations.  The  full  integration  case  is  somewhat  different.  For  the  dry  surface  the 
peak  power  occurs  at  the  same  roughness  level  as  that  of  the  other  separations. 
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The  moist  surface,  though,  peaks  at  a  slightly  rougher  slope  condition  at  5  NMi 
than  does  the  dry  case  although  at  other  separations  both  occur  at  the  same  point. 
The  end  result  of  these  disparate  trends  at  5  NMi  is  that  the  amount  of  power  not 
included  in  the  usual  integration  results  as  compared  to  the  full  integration  cases 
is  quite  variable  as  a  function  of  roughness  while  at  30  NMi  and  50  NMi  the  peak 
power  tends  to  apply  in  general. 

The  wide  range  of  differences  in  the  two  sets  of  results,  the  large  power 
spread  at  a  given  a/T  ratio,  the  different  peak  locations,  the  absence  of  crossover 
at  30  NMi  for  full  integration,  and  the  secondary  peak  at  50  NMi  for  that  case  (which 
is  not  completely  suppressed  by  shadowing)  all  serve  to  show  that  care  must  be 
taken  in  the  determination  of  the  effects  of  moisture  and  that  use  of  the  standard 
scattering  formalism  can  lead  to  serious  discrepancies. 

3.  1.  3  SUCCESSIVE  MOISTURE  LEVELS 

Up  to  this  point  we  have  examined  the  basic  roughness  dependence  of  scattered 
power  for  a  specific  set  of  soil  moisture  contents  and  have  noticed  several  differ¬ 
ences  that  are  present  when  the  two  different  scattering  models  are  used.  In  this 
section  we  will  extend  these  initial  findings  to  additional  cases  and  discuss  the 
implications  of  the  results  for  successively  increasing  moisture  levels. 

We  begin  this  study  with  the  results  shown  in  Figure  6.  In  this  figure  we  show 

the  variation  along  a  trajectory  for  two  roughness  levels  using  the  full  integration 

surface  definitions  (for  this  comparison,  shadowing  is  not  included).  For  this  case, 

the  dielectric  part  of  the  complex  dielectric  coefficient  was  fixed  at  either 

€j=4or€j=30  and  the  conductive  term  €2  was  allowed  to  vary.  At  the  two 

roughnesses,  the  results  for  €j  =  4  are  greater  than  those  for  £j  =  30.  For  the 

same  £  j  value,  the  relative  magnitudes  are  reversed  as  T  varies  from  10  m  to 

100  m.  Also,  at  short  ranges  the  respective  curves  show  some  changes  in  slope. 

The  most  significant  aspect  though  is  that  as  f„  is  varied  (0.006  S  €,  =  1.  6)  no 

2  2“  “ 

significant  effect  is  visible.  For  0  *  10  m  ,  T  =  10  m,  the  condition  £g  *  60  was 

also  considered  and  that  was  sufficient  to  produce  a  decrease  in  scattered  power. 
Thus,  a  decrease  of  of  three  orders  relative  to  the  £  j  value  had  no  effect  while 
a  single  order  increase  was  significant.  Also,  it  should  be  noted  that  for  these 
conditions  the  whole  range  of  effects  is  essentially  independent  of  distance  between 
the  antennas.  This  behavior  resulted  in  our  carrying  out  a  more  comprehensive 
study  of  the  effect  of  varying  €  or  e^. 
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Figure  6.  Diffuse  Power  vs  Antenna  Separation,  Full  Surface  Model  With 

Different  Surface  Roughness 
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The  results  are  summarized  in  Figure  7 .  The  0  *  10  m  ,  T  *  100  m  case 

used  above  was  repeated  for  numerous  values  of  Eg  (e  j  *  4)  at  three  different 
antenna  separations.  Similar  behavior  occurred.  The  power  is  relatively  constant 
at  €„  <  2  for  all  distances;  then  a  decrease  occurs;  this  is  followed  by  an  increase 

it 

that  exceeds  the  original  level.  The  change  depends  on  separation.  This  is 
consistent  with  considering  the  surface  as  being  a  lossy  dielectric  with  increasing 
absorption  until  it  becomes  sufficiently  reflective  that  the  scattered  power  is 
increased.  The  different  transition  points  for  the  three  distances  indicate  that  the 
analysis  is  dependent  on  the  scattering  angles  associated  with  the  surface  even 
though  the  results  are  an  integration  of  the  contributions  over  the  entire  glistening 
surface. 

The  final  stage  of  the  examination  of  the  effect  of  variability  in  was  a 
sequence  of  conditions  which  represented  a  series  of  increasing  moisture  content. 
The  new  cases  which  are  in  the  form  of  power  vs  roughness  are  for  the  full  surface 
formulation  with  shadowing.  These  results  are  shown  in  Figure  8.  To  see  the 
development  o  moisture  effects,  this  figure  should  be  examined  in  conjunction  with 
the  full  integration  cases  in  Figure  5.  A  correlation  can  be  made  between  the 
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dielectric  constants  of  these  cases  and  those  for  successive  moisture  percentages 

13 

indicated  in  Meeks'  book.  The  connection  depends  on  the  point  made  from 
Figure  7  that  for  small  imaginary  components  there  is  little  variation  in  the  results 
for  large  changes  in  the  imaginary  value.  In  these  terms,  the  progression  ranges 
from  an  extremely  dry  surface,  through  10  percent  and  20  percent  moisture 
content,  and  finally  to  an  extremely  moist  condition. 

The  concept  of  model  differences  for  successive  moisture  levels  is  pursued 
in  Appendix  C.  Further  comments  on  the  standard  surface  slope  variations  are 
included  there  also. 
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Figure  7.  Diffuse  Power  vs  Surface  Conductivity,  Full  Surface 

Model  Without  Shadowing  o2  =  10  M2,  T  =  100  M:  _  5  NMi, 

- 30  NMi,  and _ 50  NMi 
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Figure  8.  Diffuse  Power  vs  Roughness,  Full  Surface  Model 

With  Shadowing  £  =  (6,  0.5)  and,  £  *  (11,  2): - 5  NMi; 

-  30  NMi,  and - 50  NMi 

3.2  Antenna  Power  Pattern 

In  the  previous  section  we  presented  a  series  of  results  that  were  obtained 
using  a  specific  set  of  system  parameters.  In  this  section  we  will  address  the 
question  of  moisture  effects  for  systems  that  have  alternative  antenna  power  pat¬ 
terns  and  will  examine  the  roughness  dependence  for  those  cases. 

One  specific  aspect  of  the  particular  antenna  system  used  in  the  study  of 
Section  3.  1  might  suggest  that  differences  in  the  results  are  only  valid  in  the  one 
instance.  That  aspect  is  the  receiving  antenna  azimuthal  power  pattern  (see 
Figure  2).  The  pattern  contains  a  centerline  null  which  removes  the  centerline  <7° 
contribution  from  the  total  diffuse  power.  The  question  is  whether  it  is  that  aspect 
which  allows  the  azimuthal  contributions  to  dominate  the  diffuse  power  result  and 
consequently  whether  there  would  be  moisture  related  differences  if  alternative 
azimuthal  power  patterns  were  considered. 

To  answer  that  question  the  original  power  pattern  was  replaced  by  one  having 
its  peak  at  the  centerline  with  the  power  remaining  at  that  level  over  a  con¬ 
siderable  fraction  of  the  entire  pattern.  When  the  diffuse  power  is  calculated  for 
the  new  power  pattern,  differences  in  the  moisture  behavior  can  still  be  seen.  A 
further  confirmation  was  sought  by  introducing  a  third  power  pattern.  This  case 
consists  in  a  parabolic  pencil  beam  shape. 
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Figure  9.  Diffuse  Power  vs  Antenn  S  P  wuhout 
Intenna  Power  Patterns,  Full  Surface  ^  g)<  and 
Shadowing  and  o/T  -  0.  3. 

_ €  =  (30,  0.  6) 
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ANTENNA  SEPARATION  (KM) 


Figure  10.  Diffuse  Power  vs  Antenna  Separation  for  Three 
Antenna  Power  Patterns,  Full  Surface  Model  Without 

Shadowing  and  ol T  ~  0.03:  _  e  =  (2,  1.6),  and 

- e  =  (30,  0.  6) 

The  first  point  to  notice  in  Figure  9  is  that  the  results  for  centerline  peak  (with 
constant  power)  pattern  and  the  pencil  beam  are  extremely  close,  with  slightly 
higher  values  for  the  constant  power  case.  This  is  consistent  with  the  pattern  shapes. 
There  is  a  more  rapid  decrease  in  the  pencil  beam  as  azimuth  is  increased  but 
concurrently  there  is  a  fall  off  in  the  surface  contributions  away  from  the  center - 
line  so  that  the  results  remain  similar.  Both  maximum  power  and  maximum 
moisture  effects  occur  at  small  separations  but  the  values  are  essentially  constant 
over  the  range  of  separations.  The  moisture  introduces  a  decrease  in  power  of 
about  a  factor  of  two.  When  these  results  are  compared  with  the  monopulse  ones 
we  see  that  the  effect  of  moisture  is  slightly  greater  at  short  distances  for  the 
monopulse  case  and  again  remains  fairly  constant  (slightly  less)  over  the  range  of 
separations.  However,  the  peak  power  for  both  soil  conditions  is  always  less  for 
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Figure  11.  Diffuse  Power  vs  Antenna 
Separation  for  Three  Antenna  Power 
Patterns,  Full  Surface  Model  Without 
Shadowing  and  Multiple  Roughness 

Levels:  _  e  =  (2,  1. 6).  and 

_ e  =  (30.  0.6) 
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the  monopulse  case  than  for  the  other  patterns  and  shows  a  considerable  fall  off 
with  antenna  separation.  The  main  point  here  is  that  the  effect  of  moisture  is  pre¬ 
sent  for  all  three  patterns. 

In  Figure  10  the  same  three  patterns  are  compared  as  a  function  of  separation 
for  the  two  moisture  levels  but  here  the  surface  is  slightly  smoother  than  in 
Figure  9.  The  overall  behavior  is  quite  similar  to  that  of  the  rougher  surface 
except  that  the  power  levels  are  higher.  The  pencil  beam  and  centerline  peak 
cases  are  indistinguishable  indicating  that  off  axis  contributions  fall  off  more  rapidly 
at  this  a/T  condition.  For  all  three  patterns  the  effect  of  moisture  is  greatest  at 
5  NMi  and  beyond  a  separation  of  10  NMi  does  not  appear  to  be  sensitive  to  the 
distance.  The  short  distance  effect  is  about  a  factor  of  twenty  while  the  longer 
distances  cases  differ  by  about  a  factor  of  three.  Again,  the  monopulse  has 


considerably  less  diffuse  power  and  shows  the  decrease  with  separation  that  is  not 
true  for  the  other  cases.  In  general,  but  particularly  at  short  distances,  the  effect 
of  moisture  is  greater  for  this  smoother  surface. 

In  Figure  11  the  conditions  are  slightly  different  than  before.  Here,  instead 
of  fixing  the  local  surface  roughness,  we  replaced  the  constant  surface  with  a 
representation  of  an  actual  terrain  region.  This  more  general  case  allows  multiple 
roughnesses  to  be  present.  The  trajectory  extends  only  to  30  NMi,  consistent 
with  the  extent  of  the  data  base  used  in  the  calculation.  The  centerline  peak  and 
pencil  beam  pattern  results  are  again  virtually  identical.  The  effect  of  moisture 
is  greatest  at  short  distances  (a  factor  of  2.5)  and  decreases  with  distance.  The 
power  levels  are  only  minimally  affected  by  distance.  For  the  monopulse  the  short 
distance  moisture  effects  are  about  the  same  but  the  longer  distance  effects  remain 
more  pronounced  than  for  the  other  patterns.  The  power  level  for  the  monopulse 
is  about  two  orders  of  magnitude  less  at  short  distances  and  the  decrease  with 
distance  is  about  five  orders  of  magnitude  at  30  NMi.  In  contrast,  the  presence 
of  centerline  power  preserves  the  level  of  diffuse  scattered  power  at  relatively 
constant  levels  as  a  function  of  separation.  Even  for  this  multiple  roughness  case, 
effects  of  moisture  can  always  be  seen  for  all  three  antenna  patterns. 

3.  2.  2  ROUGHNESS  EFFECTS 

The  initial  comparisons  for  antenna  pattern  effects  show  the  effect  of  antenna 
separation  for  selected  roughness  levels.  The  next  case  stresses  the  roughness 
dependence.  For  this  example,  the  azimuthal  power  patterns  for  the  two  antennas 
were  reversed.  The  remaining  parameters  were  held  fixed.  The  results  are 
derived  using  the  simplified  scattering  model.  The  shadowed  curves  can  be  com¬ 
pared  with  the  standard  surface  results  of  Figure  5.  The  combined  results  for  the 
three  distances  for  this  new  pattern  are  shown  in  Figure  12.  Both  shadowing  and 
non-shadowing  cases  are  presented.  A  detailed  discussion  of  the  effects  of  shadow¬ 
ing  at  the  three  separations  is  presented  in  Appendix  C.  The  analysis  there  includes 
a  comparison  with  the  corresponding  shadowing  effects  for  the  original  antenna 
pattern. 

Some  general  comments  can  be  made.  For  both  soils,  the  crossovers  are 
present  for  all  distances  and  the  shadowed  crossovers  occur  at  about  the  same 
roughness  as  the  unshadowed.  For  a  given  a/T  ratio,  the  decrease  in  diffuse  power 
due  to  shadowing  is  more  pronounced  as  the  separation  increases.  The  peak  sandy 
surface  power  always  exceeds  the  corresponding  moist  surface  peak  and  both 
exceed  the  corresponding  peaks  for  the  original  pattern  by  an  order  of  magnitude. 
Finally,  the  unusual  slope  changes  for  the  moist  soil  case  are  present  at  all  three 
distances  and  their  magnitude  is  more  pronounced  for  this  new  antenna  pattern. 
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Figure  12.  Diffuse  Power  vs  Roughness  for  Reversed 
Azimuthal  Power  Patterns,  Standard  Surface  Model 
With  and  Without  Shadowing,  for  e  =  (2,  1.  6)  and 
t  =  (30,  0.6),  at  Three  Antenna  Separations 

In  summary,  the  result  of  introducing  new  antenna  patterns  is  a  wide  range  of 
moisture  related  effects  which  vary  with  the  features  of  the  particular  pattern. 

Since  the  behavior  is  so  distinct  there  is  no  obvious  way  to  predict  just  how  moisture 
will  affect  the  scattered  power  dependence  on  surface  roughness  for  a  particular 
set  of  antenna  and  system  parameters. 

3.3  Signal  Polarization 

we  have  shown  how  changes  in  the  antenna  pattern  affected  the  behavior  of  the 
rough  surface  scattering  for  different  moisture  contents.  We  now  return  to  the 
original  pattern  and  change  the  signal  polarization.  In  the  initial  series  of  cases  the 
polarization  was  always  vertical.  In  this  section  we  will  examine  some  results  for 
the  scattering  when  the  signal  is  horizontally  polarized.  As  has  been  the  procedure 
in  previous  sections,  we  will  introduce  some  distance  dependent  results.  Figure  13 
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T  =  10  m 


a2  ~  10  m2 
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ANTENNA  SEPARATION  (KM) 

Figure  13.  Diffuse  Power  vs  Antenna  Separation 
for  a  Horizontally  Polarized  Signal,  Full  Surface 
Model  Without  Shadowing,  at  Three  Rougi..iess 
Levels: _ 6  =  (2,  1.6)  and - e  (30,  0.6) 


for  the  full  integration  case.  The  results  do  not  include  shadowing.  The  cases 

2  2 

considered  represent  o  =  10  m  and  T=  10  m,  100  m,  500  m.  Once  those 
trajectory  results  (without  shadowing)  have  been  examined  for  trends,  the  final 
figure  in  the  set  is  considered.  In  Figure  14  the  full  integration  results  for  hori¬ 
zontal  polarization,  including  the  effect  of  shadowing,  are  presented  as  a  function 
of  the  surface  roughness.  As  in  the  case  of  antenna  pattern  variations,  the  results 
shown  in  Figure  13  can  be  compared  with  the  corresponding  trajectory  for  vertical 
polarization  that  were  shown  in  Figure  3  and  the  results  in  Figure  14  can  be  com¬ 
pared  with  the  related  ones  in  Figure  5. 
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less  affected  by  separation  than  the  T  =  500  m  case.  For  T  =  10  m  the  results  are 
almost  identical  to  those  for  T  =  100  m,  except  for  slightly  less  diffuse  power  when 
the  two  antennas  are  close. 

If  we  make  comparisons  with  the  corresponding  cases  of  Figure  3  (vertical 
polarization)  we  see  that  in  both  cases  the  effects  of  moisture  are  relatively  insensi¬ 
tive  to  separation  but  the  effects  are  greater  for  vertical  polarization.  It  should  be 
noted  that  the  relative  position  of  the  two  moisture  curves  reverses  with  polarization 
so  that  the  moist  soil  power  levels  are  greater  than  those  for  dry  soil  when  the 
signal  is  horizontally  polarized. 

These  comparisons  give  some  indications  of  how  moisture  effects  are  related 
to  the  polarization  of  the  signal  and  the  surface  roughness.  This  aspect  will  be 
considered  in  greater  detail  in  the  next  discussion. 

3.  3.  2  ROUGHNESS  EFFECTS 

The  most  important  conclusions  about  moisture  and  polarization  are  to  be  drawn 
from  the  analysis  of  the  roughness  dependence  plots  of  Figure  14.  Before  examining 
the  relationships  to  the  vertical  polarization  results,  we  can  make  some  observations 
about  the  horizontal  scattering  at  the  three  distances. 

The  first  observation  is  that  at  all  separations  the  scattered  power  from  the 
moist  surface  exceeds  that  from  the  dry  soil  except  at  large  a/T  values.  The  differ¬ 
ence  is  greatest  at  5  NMi  and  there  is  not  much  to  distinguish  between  the  effects 
at  the  other  separations.  All  three  sets  of  double  peaks  occur  at  about  the  same 
roughness  a/T  ~  0.  06.  There  does  not  seem  to  be  any  sign  of  crossover  at  5  NMi 
at  least  as  far  as  the  plots  were  extended  while  for  the  remaining  distances  the 
crossover  occurs  at  lower  a/T  as  distance  increases. 

The  comparisons  with  the  full  surface  vertical  polarization  results  with  shadow¬ 
ing  in  Figure  5  are  quite  interesting.  First,  the  effect  of  moisture  at  a  given  sepa¬ 
ration  is  much  more  pronounced  in  the  vertical  polarization  mode  than  in  the  hori¬ 
zontal  one.  Second,  we  see  that,  in  general,  the  moist  surface  results  exceed  the 
dry  surface  ones  for  the  horizontal  case,  while  the  opposite  is  true  for  the  vertical 
case.  Next,  we  can  see  that,  as  in  the  case  of  horizontal  polarization,  the  resultant 
effect  of  moisture  is  greatest  at  5  NMi  for  the  vertical  polarization  case  and  there 
is  little  difference  between  the  30  NMi  and  50  NMi  cases.  For  this  particular 
system,  the  absolute  magnitudes  of  the  peak  powers  of  the  two  surfaces  are  greater 
for  horizontal  polarization  than  for  the  vertical  polarization  at  all  three  separations. 
As  far  as  the  curves  were  plotted,  the  crossovers  for  vertical  polarization  are 
present  for  5  NMi  and  50  NMi  while  at  horizontal  polarization  they  occur  for  30  NMi 
and  50  NMi.  As  is  clear  from  this  series  of  comparisons,  moisture  dependent 
effects  are  evident  for  both  horizontal  and  vertical  polarization  and  their  respective 
roughness  dependencies  are  dissimilar. 


3.4  Wavelength 


All  the  studies  of  this  report  so  far  have  been  for  L-band  frequencies.  The 
next  question  to  be  addressed  is  the  types  of  moisture  effects  that  would  be  seen  by 
the  system  operating  at  S~band  with  a  signal  wavelength  of  0.  1  m.  As  has  been  the 
procedure,  we  begin  with  Figure  15,  where  the  effect  of  distance  between  antennas 
on  the  moisture  dependence  is  shown.  Then,  the  effect  of  moisture  is  shown  as  a 
function  of  surface  roughness  in  Figure  16  and  the  results  are  compared  with  the 
corresponding  sets  of  curves  at  A  =  0.  275  m  shown  in  Figure  5. 


Figure  15.  Diffuse  Power  vs  Antenna 
Separation  at  a  Wavelength,  X  =  0.  1  m. 
Full  Integration  Surface  Model  Without 
Shadowing,  at  Two  Roughness  Levels: 

. - £  =  (2, 1.  6),  and - e  =  (30,  0.  6) 


3.4.1  INTRODUCTION 

2  2 

In  Figure  15  we  show  results  at  two  different  roughness  levels,  a  =  10  m  and 
T  =  10  m  and  100  m.  No  shadowing  is  included.  We  can  see  that  at  this  wavelength 
and  short  separations  the  diffuse  power  for  the  dry  soil  at  T  =  100  m  is  greater  than 
that  for  T  =  10  m  while  the  reverse  is  true  for  the  moist  soil.  There  is  little  differ¬ 
ence  at  large  distances.  Thus,  at  short  separations  the  effect  of  moisture  is  greater 
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Figure  16.  Diffuse  Power  vs  Roughness  at  a 
Wavelength,  A  =  0. 1  m.  Full  Surface  Model  With 
Shadowing,  at  Three  Antenna  Separations: 

_ _  €  =  (2,  1.6',  and .  t  -  (30,  0.6) 


for  T  =  100  m  and  relatively  constant  for  most  long  separations.  Comparing  these 
results  to  corresponding  ones  with  A  5=  0.  275  m,  we  see  that  for  T  =  100  m,  there 
is  more  diffuse  power  for  A  =  0.  275  m  but  the  relative  effects  of  moisture  appear 
to  be  about  the  same.  For  T  =  10  m,  there  is  more  diffuse  power  at  A  =  0.  275  m 
and  the  overall  effect  of  moisture  appears  slightly  greater  for  that  case. 


3.4.2  ROUGHNESS  EFFECTS 


The  roughness  study  of  Figure  16  is  for  the  usual  system  parameters  except  for 
wavelength.  The  full  surface  model  is  used  and  the  effects  of  shadowing  are  included. 
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As  has  been  true  for  all  vertical  polarization  cases  the  diffuse  power  scattered 
from  the  dry  surface  at  each  distance  is  greater  than  that  for  the  moist  surface. 

The  peak  power  decreases  with  separation  and,  except  for  the  usual  atypical  5  NMi 
moist  surface  case,  the  peaks  occur  at  ff/T  ~  0.  05.  The  effect  of  moisture  is 
strongest  at  5  NMi  and  is  about  the  same  for  the  30  NMi  and  50  NMi  cases.  There 
is  a  crossover  at  ff/T  -  1.0  for  the  5  NMi  case  and,  although  it  does  not  occur  within 
the  range  of  the  curves,  it  would  seem  that  the  50  NMi  case  is  tending  towards  a 
crossover.  There  is  no  clear  sign  of  this  at  30  NMi  within  the  limits  considered. 

The  comparisons  with  L-band  results  (Figure  51  show  a  number  of  similarities. 
The  relative  magnitudes  of  the  moisture  effects  are  equivalent.  There  is  a  factor 
of  three  difference  between  the  displaced  peak  power  levels  at  30  NMi  and  50  NMi 
and  an  order  of  magnitude  at  5  NMi.  The  peaks  (again,  excepting  the  5  NMi  moist 
case)  are  at  the  same  roughness  and  there  are  crossing  points  at  5  NMi  and  50  NMi 
but  not  at  30  NMi.  The  absolute  magnitudes  of  the  power  at  the  shorter  wavelength 
are  decreased  by  about  an  order  of  magnitude.  The  50  NMi  case  at  the  longer  wave¬ 
length  shows  a  secondary  peak  at  large  roughness  which  is  not  in  evidence  at 
A  =  0.  1  m.  In  general,  though,  the  effect  of  moisture  appears  to  be  relatively  insen¬ 
sitive  to  the  differences  in  wavelength  of  the  two  frequency  bands. 

3.5  Antenna  Configuration 

The  transmitting  and  receiving  antennas  of  our  baseline  system  are  at  different 
heights.  This  aspect  controls  the  angles  involved  in  the  scattering  of  a  given  dis¬ 
tance.  Another  related  situation  which  we  have  already  considered  is  the  effect  of 
azimuthal  power  pattern  for  the  two  antennas.  In  this  section  we  will  examine  two 
additional  positional  considerations.  The  first  aspect  is  the  modification  of  the 
antenna  heights  such  that  either  the  two  antennas  are  close  to  the  surface  or  both 
are  at  a  distance  above  the  surface.  This  contrasts  to  the  original  mixed  height 
configuration.  Results  are  presented  as  a  function  of  antenna  separation.  In  the 
second  instance,  the  antenna  heights  stay  fixed  but  the  heights  of  the  transmitter 
and  receiver  are  reversed.  This  is  in  distinction  to  the  earlier  case  where  just  the 
azimuthal  power  patterns  were  switched.  For  this  case  the  moisture  effects  are 
studied  as  a  function  of  the  surface  roughness. 

3.  5.  1  INTRODUCTION 

In  Figure  17  we  employ  the  trajectory  format  to  examine  the  effect  of  changing 
the  relative  heights  of  the  two  antennas.  In  our  original  cases  we  dealt  with  the 
situation  where  the  transmitter  was  close  to  the  surface  while  the  receiving  antenna 
was  elevated  to  a  considerable  height  above  the  ground.  Here,  either  both  antennas 
are  near  the  surface  or  both  are  elevated.  The  two  moisture  levels  are  shown,  the 
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signal  is  vertically  polarized,  the  full  surface  model  is  used  and  the  shadowing  is 

2  2 

not  included.  The  two  roughness  conditions  are  depicted,  o  =  10  m  and 
T  =  10  m,  100  m. 
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FULL  INTEGRATION.  NO  SHADOWING 

Figure  17.  Diffuse  Power  vs  Antenna  Separation  for  Both  Antennas  High 
and  Both  Low,  Full  Surface  Model  Without  Shadowing,  at  Two  Roughness 
Levels: _  e  =  (2,  1.6)  and _ e  =  (30,  0.6) 


If  we  consider  the  raised  antennas  case  we  see  that  the  effect  of  moisture  is 
greater  for  the  smoother  surface  but  is  still  noticeable  for  the  rougher  surface.  At 
distances  greater  than  about  20  NMi  the  effect  does  not  appear  to  be  sensitive  to 
separation.  At  short  distances  the  behavior  is  distinctive.  For  T  =  100  m  the  moist 
soil  power  levels  show  a  more  severe  decline  than  the  dry  case.  In  the  correspond¬ 
ing  region  for  T  =  10  m,  the  power  levels  for  both  soil  conditions  again  decrease  but 
in  that  instance  the  dry  soil  power  is  more  affected.  At  some  points  it  has  even 
fallen  below  the  power  from  the  moist  soil. 

When  the  two  antennas  are  both  close  to  the  surface,  all  curves  of  power  are 
smooth,  there  is  little  change  with  separation  at  any  distance.  The  effect  of 
moisture  is  slightly  greater  for  T  =  100  m. 
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To  see  how  these  results  fit  Into  the  picture  we  consider  the  corresponding 
cases  when  the  antennas  are  not  at  the  same  height  as  shown  in  Figure  3.  In  those 
results  the  effect  of  moisture  is  stronger  for  T  =  100  m  as  is  true  in  Figure  17. 
However,  the  results  are  a  mixture  of  trends  from  both  high  and  low  cases.  The 
dual  height  power  shows  the  decrease  with  distance  that  can  be  seen  in  the  low  height 
case  but  it  is  a  stronger  effect  for  the  dual  height  case.  In  contrast,  at  short  dis¬ 
tances  the  dual  height  curves  show  the  depressed  levels  of  diffuse  power  of  the 
elevated  antenna  case  with  the  greater  effect  at  T  =  100  m.  However,  there  is  no 
sign  of  the  crossover  seen  for  T  =  10  m.  Similar  diffuse  power  behavior  as  a 
function  of  antenna  height  have  been  shown  in  our  earlier  studies.  ® 

The  variety  of  effects  seen  as  the  respective  positions  of  the  two  antennas  are 
changed  is  not  surprising  since  this  also  changes  the  range  of  angles  in  the  integra¬ 
tions  over  the  scattering  surface,  as  well  as  the  basic  orientation  of  that  surface. 

This  simple  analysis  of  the  effects  of  distance  above  the  surface  can  not  hope  to 
offer  any  definitive  statement  on  the  moisture  effects  that  result,  except  to  point 
out  that  there  are  differences  in  scattered  power  and  that  they  do  vary  in  extent 
from  case  to  case.  This  question  represents  a  study  in  its  own  right  for  any  final 
conclusion. 

3.  5.  2  ROUGHNESS  EFFECTS 

In  Figure  18  we  have  the  calculated  diffuse  scattered  power  for  the  two  soil 
conditions  as  a  function  of  roughness  using  the  full  integration  model  (including 
shadowing).  As  would  be  expected  by  the  fact  that  the  scattering  and  incident  angles 
are  altered  by  changing  the  respective  antenna  heights  we  see  considerable  variance 
in  results  as  compared  with  the  corresponding  case  of  Figure  5  at  the  original  an¬ 
tenna  heights.  The  angles  affect  both  the  cross  section  of  the  surface  elements  and 
the  reflection  coefficients.  A  further  difference  is  introduced  by  the  fact  that  the 
power  contributions  are  dependent  on  the  angular  variations  in  the  two  power  patterns. 

Before  discussing  the  two  cases  we  will  first  comment  on  the  moisture  effects 
as  seen  in  Figure  18.  For  both  soils  the  peaks  in  the  three  separation  curves  all 
occur  at  about  cr/T  ~  0.  07;  no  clearly  variant  behavior  for  5  NMi  is  visible.  For 
both  soils,  the  50  NMi  case  shows  signs  of  the  second  peak  (suppressed  by  shadow¬ 
ing)  at  high  a  IT  values  and  its  plot  crosses  the  power  curves  for  both  of  the  other 
separations.  The  difference  due  to  moisture  does  not  appear  to  be  sensitive  to 
separation  and  the  peak  power  difference  is  about  a  factor  of  four  or  five  in  all 
instances.  The  three  peak  power  levels  are  relatively  close  for  the  respective 
moisture  contents  and  in  fact,  for  the  moist  case,  the  30  NMi  peak  actually  exceeds 
that  of  the  5  NMi  separation. 
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Figure  18.  Diffuse  Power  vs  Surface  Roughness,  Heights 
of  Transmitter  and  Receive  Antenna  Reversed,  Full 
Surface  Model  With  Shadowing  and  e  =  (2,  1.6),  and 
£  =  (30,  0.6):  _ 5  NMi, _ 30  NMi,  and _  50  NMi 


If  we  now  compare  these  results  with  the  original  set  of  full  integration  results 
of  Figure  5,  we  see  that  the  reversal  has  reduced  the  original  peak  power  levels. 

At  5  NMi  the  reversal  results  in  a  three  order  of  magnitude  decrease  in  peak  power 
for  both  soil  conditions.  For  30  NMi  and  50  NMi  the  reduction  is  about  two  and  one- 
half  orders  of  magnitude.  The  uniform  peak  location  for  the  reversed  case  repre¬ 
sents  an  increase  in  roughness  compared  to  the  original  peaks  at  30  NMi  and  50  NMi 
and  a  decrease  in  roughness  for  5  NMi.  The  reversed  curves  at  50  NMi  showed 
the  same  secondary  peak  as  the  original.  The  crossover  for  the  30  NMi  case  for 
moist  soil,  which  occurs  prior  to  the  peak  values,  is  a  unique  result  although  the 
dry  soil  curves  are  quite  close  at  those  separations.  In  general,  for  this  reversed 
case  we  can  say  that  there  is  considerably  less  diffuse  power,  and  the  effect  of 
moisture  is  decreased  at  5  NMi  and  slightly  increased  at  the  larger  distances. 
Finally,  here,  as  in  almost  all  the  cases  considered,  the  dependence  of  moisture 
effects  on  surface  roughness  shows  some  distinct  and  individual  aspects. 


4.  DISCUSSION 

The  results  in  this  report  represent  a  broad  spectrum  of  conditions  and  the 
effects  of  moisture  can  be  quite  distinct  for  some  cases.  We  will  summarize  the 
results  found  in  the  various  topic  areas  considered. 
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4.1  Scattering  Model 

The  basic  condition  is  that  of  vertical  polarization  and  dual  heights  (transmitter 
close  to  surface),  for  the  bistatic  scattering  system  with  an  azimuthal  monopulse 
receiving  antenna  power  pattern  at  high  altitude.  The  two  models  lead  to  a  variety 
of  results.  In  general,  the  dry  soil  power  levels  exceed  those  of  the  moist  soil 
cases.  The  standard  surface  results  show  less  moisture  effect  than  is  present 
when  the  general  model  is  used.  The  results  at  5  NMi  seems  anomalous,  particular¬ 
ly  for  the  standard  case.  For  the  standard  surface,  crossovers  occur  at  large 
roughnesses  for  all  separations  while  for  the  full  integration  there  is  no  crossover 
for  30  NMi  within  the  range  of  roughness  considered.  The  full  surface  results  at 
50  NMi  show  a  second  peak  at  large  roughness  which  is  not  evident  in  the  standard 
model  result.  In  both  models  the  effects  of  shadowing  are  extremely  important, 
particularly  at  large  roughness  levels.  The  standard  model  introduced  some  unusual 
slope  variations  to  the  curve  of  diffuse  power  vs  roughness  for  the  moist  soil  case 
and  these  appear  for  all  separations  at  similar  roughness  parameters.  Their  rela¬ 
tion  to  the  violation  of  roughness  contraints  is  uncertain.  The  overall  variety  in 
results  serves  to  show  that  care  must  be  taken  in  determining  the  effect  of  moisture, 
and  that  the  use  of  the  standard  model  which  suppresses  the  effect  can  lead  to  dis¬ 
crepancies. 

4.2  Moiiturt  Level 

An  extremely  general  comment  on  moisture  effects  can  be  made.  The  differ¬ 
ence  in  diffuse  scattered  power  due  to  dielectric  constant  is  minimal  at  both  small 
roughless  levels  and  large  roughness  levels,  and  is  a  maximum  at  some  inter¬ 
mediate  roughness  levels. 

Next,  (as  has  been  pointed  out  in  the  text)  with  some  assumptions  about  the 
effect  of  e  g.  we  can  comment  on  the  effect  of  successive  increases  in  moisture 
level  on  the  scattered  power.  In  general,  the  peak  power  decreases  with  increasing 
moisture  level  but  the  magnitude  depends  on  separation  and  ranges  from  a  factor 
of  three  at  50  NMi  to  an  order  of  magnitude  at  5  NMi.  The  standard  model  results 
are  similar  at  30  NMi  and  50  NMi  but  the  behavior  at  5  NMi  is  variant,  particularly 
for  the  extremely  moist  cases.  The  slope  variations  in  the  standard  model  results 
can  be  seen  to  be  moisture  dependent  in  this  series  of  results.  As  the  moisture 
increases,  they  appear  and  are  present  for  all  separations  at  about  the  same  rough¬ 
ness  level.  The  relation  of  this  result  to  roughness -constraint  violations  is  uncertain. 
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We  begin  the  study  of  how  antenna  patterns  affect  the  moisture- related  results 
by  replacing  the  original  azimuthal  power  pattern  of  the  receiver.  Two  cases  are 
used.  Both  remove  the  monopulse  condition.  The  patterns  that  replace  it  have  a 
centerline  peak  power  with  two  azimuthal  tapers.  The  results  indicate  that  this 
does  not  remove  moisture  effects  but  the  presence  of  the  peak  tends  to  maintain  the 
diffuse  power  at  a  relatively  constant  level  as  separation  increases.  The  moisture 
effect  is  larger  at  5  NMi  than  for  the  rest  of  the  trajectory  and.  as  the  distance 
increases,  the  relative  level  of  the  effect  remains  fairly  constant. 

A  second  type  of  change  was  made  wherein  the  azimuthal  monopulse  pattern 
was  not  replaced  but  was  shifted  to  the  transmitting  antenna  close  to  the  surface 
while  the  transmitter's  isotropic  azimuthal  pattern  was  assigned  to  the  elevated 
receiving  antenna.  In  this  case  the  standard  surface  model  is  used.  For  these 
conditions  we  see  that,  as  before,  crossovers  occur  at  larger  roughness.  The 
slope  variations  for  the  moist  soil  case  appear  to  be  enhanced  by  this  pattern  and 
the  moist  soil  curves  show  a  more  gradual  slope  near  their  peaks  when  shadowing 
is  not  included.  As  a  result,  the  effect  of  shadowing  is  to  cause  the  moist  surface 
results  to  peak  at  lower  roughness  levels.  For  this  case  the  moisture  effects  tend 
to  be  suppressed,  particularly  at  30  NMi. 

4.4  Polarization 

The  majority  of  the  cases  are  for  vertical  polarization.  Here  we  consider  the 
results  for  horizontal  polarization.  In  general,  we  find  that  the  horizontally 
polarized  signals  result  in  greater  amounts  of  diffuse  scattered  power  than  the  ver¬ 
tically  polarized  signals.  For  the  ranges  considered,  the  moist  soil  results  exceed 
those  of  the  dry  soil,  which  is  in  direct  contrast  to  the  situation  in  the  vertical 
polarization  cases.  The  effect  is  greatest  at  5  NMi  and,  beyond  that  region,  the 
relative  effect  remains  essentially  constant  as  separation  increases.  The  effect 
of  moisture  is  generally  less  than  for  vertical  polarization.  In  addition,  the  rough¬ 
ness  dependence  is  dissimilar.  The  full  integration  model  does  not  appear  to  result 
in  a  crossover  at  S  NMi  and  the  roughness  at  which  crossover  occurs  decreases 
with  separation.  This  is  a  change  from  the  corresponding  crossover  behavior  at 
vertical  polarization. 

4.5  Wavelength 

In  this  discussion  we  return  to  vertically  polarized  signals  but  change  the  wave¬ 
length  of  the  signal  to  S-band  (0.  1  m).  The  results  for  moisture  effects  depend  on 
separation  and  roughness.  As  was  true  for  X  =  0.  275  m  the  dry  soil  results  exceed 


the  moist  ones  at  X  =  0.  1  m  which  is  consistent  with  the  polarization  condition. 
Similarly,  the  results  at  5  NMi  are  still  anomalous  and  the  effects  of  moisture  are 
greatest  near  5  NMi  and  remain  relatively  insensitive  to  distance  at  greater  separa¬ 
tions.  The  peak  in  the  original  results  at  50  NMi  does  not  appear  in  the  X  =  0.  1  m 
case.  The  overall  assessment  is  that  moisture  effects  are  not  particularly  sensitive 
to  wavelength  for  this  system. 

4.6  Biltatle  Configuration 

In  this  discussion  we  consider  the  effects  that  occur  when  both  the  antennas  are 
elevated  or  both  near  the  surface.  For  the  former  case  the  effect  of  moisture  is 
greater  for  the  smoother  surface  case  but  is  still  present  as  the  roughness  is 
increased.  The  effect  is  more  pronounced  at  short  separations  and,  at  larger 
distances,  is  relatively  constant.  For  the  smooth  surface  at  short  distances,  the 
drop  in  power  for  the  moist  case  exceeds  that  for  the  dry;  for  the  rougher  surface 
the  dry  results  decrease  more  sharply  and  even  become  less  than  the  moist  soil 
values  near  5  NMi.  When  the  two  antennas  are  close  to  the  surface  the  behavior 
of  the  curves  with  distance  is  regular  and  there  is  little  effect  of  moisture  with 
separation.  The  smoother  surface  cases  show  larger  moisture  effects  for  this  set 
of  antenna  positions.  The  dual  height  results  combine  effects  from  the  two  equal 
height  cases.  The  variability  as  a  function  of  antenna  height  is  not  unexpected,  in 
as  much  as  this  aspect  affects  the  scattering  angles  and  the  orientation  of  the  actual 
scattering  surface. 

A  final  topic,  which  is  related  to  the  previous  one,  addresses  the  case  where 
the  respective  heights  of  the  transmitter  and  receiver  are  reversed.  As  in  the 
previous  discussion,  the  angles  and  surface  are  affected  and  the  switched  positions 
result  in  a  different  behavior  of  moisture  with  roughness.  This  is  a  full  integration 
result.  The  peak  powers  at  the  three  separations  all  occur  at  the  same  roughness 
level.  No  distinctive  5  NMi  behavior  is  seen  but  the  indication  of  the  second  peak 
at  large  roughness  for  the  50  NMi  case  is  present  for  both  moisture  levels.  This 
results  in  the  crossover  of  that  curve  with  respect  to  the  others.  The  three  peak 
power  levels  for  the  respective  moisture  curves  are  quite  close  and,  in  fact,  that 
of  the  30  NMi  case  exceeds  the  peak  of  the  5  NMi  case  for  the  moist  soil.  This  is 
the  only  example  of  pre-peak  crossover  in  the  range  of  cases  considered.  The 
effect  of  moisture  is  about  the  same  at  all  separations,  representing  an  increase 
in  effect  for  the  30  NMi  and  50  NMi  conditions  of  the  original  configuration  and  a 
corresponding  decrease  in  effect  at  5  NMi. 


5.  CONCLUSIONS 


The  range  of  topics  considered  in  this  report  is  extensive  and  thus  there  are  a 
corresponding  number  of  findings  that  are  related  to  individual  aspects  of  the 
analysis.  These  have  been  examined  in  the  detailed  discussions  of  the  specific 
factors  in  Section  4.  Here  we  are  limiting  ourselves  to  some  general  comments. 

In  this  assessment  it  should  be  stressed  that  we  have  tried  to  go  beyond  simple 
statements  about  properties  at  a  single  scattering  angle  and  have  shown  actual 
integrated  effects  corresponding  to  various  bistatic  scattering  configurations.  The 
resultant  moisture  related  effects  are  quite  varied.  For  vertical  polarization,  the 
dry  soil  results  exceed  the  moist  while  the  reverse  is  true  for  the  horizontal  polariza¬ 
tion  case.  Reversing  the  height  of  transmitter  and  receiver  resulted  in  massive 
changes  in  power.  The  roughness  dependence  of  moisture  effects  also  varied  from 
case  to  case.  The  most  significant  moisture  effects  are  at  short  antenna  separations 
and  beyond  that  region  the  effect  is  relatively  independent  of  distance.  The  use  of 
the  conventional  glistening  surface  showed  a  tendency  to  de-emphasize  the  relative 
effect  of  moisture.  As  a  general  rule,  the  use  of  the  conventional  model  requires 
careful  consideration  in  as  much  as  there  are  the  inherent  roughness  limitations 
contained  in  its  formalism.  In  addition,  even  for  small  roughness,  the  parallelisms 
in  the  geometry  are  suspect  at  short  antenna  separations.  The  alternative  model, 
which  uses  the  radar  footprint  and  azimuthal  variations  in  surface  cross  section, 
does  not  depend  on  those  model  constraints  and  hence  is  quite  general.  The  final 
point  is  that  some  moisture  effects  could  almost  always  be  found  and  the  combina¬ 
tion  of  positional,  roughness,  and  moisture  content  effects  makes  it  extremely 
difficult  to  predict  a  priori  the  maximum  diffuse  scattered  power  for  a  surface. 
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Appendix  A 

The  General  Scattering  Model 


In  this  simplified  analysis  the  starting  point  is  the  integral  describing  the 
diffuse  scattered  power.  Its  form  is 


■  C-^%  ( 


cral»i,0£Z(»il\  . 


Ri  »2 


where 


=  system  processing  losses, 

=  transmitted  power, 

=  wavelength, 

=  gain  (power)  of  transmitter  in  azimuth, 
=  gain  of  receiver  in  azimuth, 

=  gain  of  transmitter  in  elevation. 


gain  of  receiver  in  elevation. 
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9  =  elevation  angle  between  boresight  and  point  on 

glistening  surface  for  transmitter, 

9  2  =  elevation  angle  between  boresight  and  point  on 

glistening  surface  for  receiver, 

R.  =  range  between  transmitter  and  point  on  glistening 

surface, 

R„  =  range  between  receiver  and  point  on  glistening 
surface, 

dS  =  element  of  area  of  glistening  surface  which  is 
illuminated  by  beacon, 

<(>.  =  azimuthal  angle  between  boresight  and  point  on 

glistening  surface  for  receiver, 

</>„  =  azimuthal  angle  between  boresight  and  point  on 

glistening  surface  for  transmitter. 

The  diffuse  power  integral  contains  an  expression  for  the  normalized  average 

a 

bistatic  rough  surface  cross  section,  a0,  which  comes  from  Ruck  et  al.  The 
expressions  derived  by  Ruck  are  quite  general  and  highly  complicated.  The  differ¬ 
ent  forms  of  cr°  used  in  the  models  will  be  discussed.  We  first  give  the  general 
integration  case  and  then  indicate  how  the  usual  simplifications  that  include  the 
Beckmann  and  Spizzichino  surface  model  are  developed.  The  normalized  rough 
surface  scattering  cross  section  is  given  by 

=  ^pq|2  JS 

where  /3  represents  the  scattering  matrix  contributions,  S  is  the  local  shadowing 
function, 3  and  the  term  J  is  related  to  the  surface  height  distributions  and  the  sur¬ 
face  slopes.  The  shadowing  function  clearly  depends  on  the  roughness  of  the  surface, 
and  introducing  this  factor  into  the  analysis  can  have  significant  effects  on  the 

g 

diffuse  scattered  power  (see  Papa  et  al  ).  For  our  case  of  exponentially  distributed 
heights,  the  general  asymptotic  form  for  J  is 


where 


£  =  sin  0  .  -  sin  0  cos  0  . 

*x  l  s  rs 

£  =  sin  0  sin  0  , 

’y  rs  s 

£  =  -cos  0  .  -  cos  0  . 

sz  is 

0g  =  azimuthal  scattering  angle, 

0.  =  angle  of  incidence  (with  respect  to  surface  normal), 

and 

9  =  angle  of  scattering  (with  respect  to  surface  normal), 

s 

It  is  in  the  scattering  matrix  term  that  the  dielectric  constant  representing  the 
respective  moisture  content  levels  is  introduced.  In  that  term,  the  matrix  elements 
for  linear  polarization  states  are 
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Here,  R,|  (0()  and  Rj_(0 {)  are  Fresnel  reflection  coefficients 
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Note  that  e  is  the  relative  complex  dielectric  constant  of  the  surface,  the  sub¬ 
script  (l  refers  to  the  E-field  in  the  plane  of  incidence,  and  the  subscript  j_  refers 
to  the  E-field  normal  to  the  plane  of  incidence.  The  remaining  angle-related  terms 
are 

cos  o!  =  ^ 

i  yj 

a1  =  1  +  sin  8  ^  sin  8  g  cos  $g  -  cos  8  i  cos  9  g 
a„  =  cos  9  .  sin  6  +  sin  8  ,  cos  8  cos  0 

4  IS  1  S  S 

a„  =  sin  8  .  cos  9  +  cos  8  .  sin  8  cos  <j> 

O  IS  1  s  s 

and 

a.  =  cos  8  .  +  cos  9  . 

4  i  s 

In  the  general  case,  the  diffuse  scattered  power  is  determined  by  integrating 

the  product  of  the  expression  for  ff°  and  the  corresponding  elevation  and  azimuthal 

receiver  and  transmitter  gain  factors  over  the  region  between  the  two  antennas. 

The  azimuthal  integration  is  bounded  by  the  extent  of  the  azimuthal  difference 

pattern  (for  a  discussion  of  the  technique  used  to  introduce  these  bounds  into  formu- 

3 

lation,  see  Papa,  Lennon  and  Taylor  ).  In  the  results,  this  is  referred  to  as  the 
full  scattering  surface  model. 
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Appendix  B 

The  Simplified  Stenderd  Model 


In  the  alternative  scattering  model  the  assumption  is  made  that  the  receiver  is 
sufficiently  far  from  the  transmitter  that  the  portion  of  the  "glistening  surface" 
that  contributes  to  the  diffuse  multipath  is  a  long,  narrow  strip  extending  between 
the  transmitter  and  receiver.  This  assumption  allows  us  to  make  the  approximation 
that  the  azimuthal  scattering  angle  *  0s  and  results  in  a  considerable  simplifica¬ 
tion  (and  difference)  in  the  ct°  calculation. 

In  the  scattering  matrix,  the  first  consideration  is  that  the  two  cross-polarized 
terms  are  now  zero.  Only  the  co-polarized  elements  contribute  to  the  scattering. 

In  those  cases,  manipulation  of  the  relations  and  introducing  the  angle  a 


leads  to 

(1  +  cos  2a)  R 1 1  (0^ 

^  VV  -  (cos  0  .  +  cos  0  ) 

1  s 

and 

(1  +  cos  2a)  R.  (0  .) 

p  HH  (cos  0  .  +  cos  0  ) 
i  s 


(vertical  polarization) 


(horizontal  polarization)  . 


In  these  two  terms  it  should  be  noted  that  each  depends  on  only  one  Fresnel  reflec¬ 
tion  component  while  in  the  general  solution  each  includes  contributions  from  the 
two  Fresnel  coefficients.  Another  effect  of  this  assumption  is  seen  in  the  terms 

£  .  £  ,  and  £  .  These  reduce  to 
’x  ’y  z 

£  =  sin  9  .  -  sin  9 
sx  1  s 


£  =  -  cos  9  .  -  cos  9  . 

’z  is 

As  a  result  we  then  have 


Since  this  has  effectively  removed  any  azimuthal  variation  in  a0,  the  calculation 
of  the  diffuse  power  scattered  by  the  surface  and  received  at  the  antenna  is  ap¬ 
proached  differently.  In  this  model,  the  surface  of  integration  is  determined  by  the 
Beckmann  and  Spizzichino  definitions  of  glistening  surface  length  and  width.  The 
length  is  obtained  by  calculating  the  location  of  the  two  end  points  of  the  gliBtening 
surface.  For  a  homogeneous  surface,  the  distance  from  the  two  end  points  to  the 
transmitter  and  receiver  (Lj,  Lg)  are  based  on  the  respective  heights  (H^,  H^,)  and 
a  roughness  factor  (a/T)  where  a2  is  the  surface  height  variance  and  T  is  the 
correlation  length.  Then 

L!  =  HACOt(2*V 


and 

L2  =  Ht  cot  (2  Pq) 


where 


It  should  be  noted  at  this  point  that,  although  the  length  and  width  calculations 
start  from  the  same  initial  premise,  their  derivations  are  separate.  This  is 
pointed  out  to  clarify  some  limitations  implicit  in  the  use  of  this  model  and  to 
emphasize  the  two  approaches  to  the  calculation  of  length  and  width  in  this  study. 

The  starting  point  is  that  the  glistening  surface  of  interest  is  that  extent  of 
surface  from  which  the  diffuse  scattered  power  is  equal  to  or  greater  than  1/e  of 
its  maximum.  By  using  the  asymptotic  expression  for  o°  valid  for  large  surface 
roughness,  we  can  show  that,  for  that  condition  to  be  satisfied  i  1 3  S  */3q  over  the 
surface.  Here  is  the  angle  between  the  vertical  axis  and  the  bisector  of  the 
angle  between  the  line  connecting  the  transmitter  to  a  point  on  the  surface  and  the 
line  from  that  point  to  the  receiver.  The  boundary  of  the  surface  is  the  locus  of 
points  for  which  £0  =  We  first  consider  these  concepts  in  relation  to 

and  Lg.  Their  defining  relations  require  the  assumption  that  the  line  to  the  surface 
point  from  the  transmitter  or  receiver,  respectively,  forms  the  angle  2/9q  with  the 
horizontal  axis.  This  can  be  derived  from  the  above  concepts  and  additional  assump¬ 
tions  of  parallelism.  Thus,  for  the  length  conditions,  ^  20q  <  90°  and  a/T  SO.  5. 

At  that  roughness  L.  =  L_  =  0,  and  the  surface  extends  across  the  entire  separation 
between  the  two  antennas.  In  this  report  we  replace  the  original  and  length 
calculation  by  the  entire  separation  distance  for  a/T  £  0.  5. 

Next,  we  consider  the  concepts  that  pertain  to  the  width  of  the  surface.  The 
form  used  here,  as  derived  by  Beckmann  and  Spizzichino,  includes  the  assumption 
that  Ha«Xj.  Ht«X2.  and  W«Xlt  X,,  where  W  is  the  local  surface  width.  As 
roughness  increases,  Lj,  -*  0,  and  the  height  constraints  are  violated.  Even¬ 
tually,  the  width  to  axial  distance  ratio  also  becomes  inconsistent. 

A  more  complete  discussion  of  glistening  surface  definitions  and  constraints 
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is  presented  in  Papa  et  al.  The  point  from  that  report  that  is  significant  here  is 

that,  despite  the  violation  of  the  constraints  on  the  Beckmann  and  Spizzichino  model, 

the  resultant  power  calculations  for  large  roughness  conditions  give  values  that  are 

not  unreasonable.  Indeed,  the  most  serious  problems  appear  to  occur  for  small 

roughness  levels.  Thus,  the  moisture  effects  calculated  by  this  model  are  presented 

at  roughness  levels  for  which  the  original  assumptions  and  constraints  are  not 

strictly  satisfied.  In  line  with  the  patterns  of  the  results  and  the  discussions  in  the 
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more  comprehensive  surface  study,  the  indicated  moisture  trends  are  not  unreason¬ 
able  for  most  cases.  It  should  be  noted  that  these  restrictions  are  not  contained  in 
the  more  general  model  of  this  report  with  which  these  standards  results  are 
compared. 

We  have  discussed  the  surface  length  and  width  concepts  and  shown  how  the 
length  is  determined.  The  next  consideration  is  to  show  the  corresponding  formula 
for  the  width  as  given  by  this  model.  Beckmann  and  Spizzichino  calculated  that 
along  the  extent  of  the  surface,  the  local  width  W  is  given  by 
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Here, 

D  =  total  ground  distance  from  transmitter  to  receiver, 

=  distance  from  transmitter  to  point  on  glistening  surface, 

and 

=  distance  from  receiver  to  point  on  glistening  surface. 

In  the  actual  calculation,  tan  /3q  is  not  limited  in  the  width  determination  but  is 
allowed  to  take  on  any  value  that  results  from  the  surface  roughness,  where  we 
vary  o/T  in  this  study  so  that  0.  1  S  a/T  S  3.  0. 

Once  these  quantities  have  been  determined,  the  diffuse  scattered  power 
contribution  from  each  increment  of  length  along  the  glistening  surface  is  obtained 
by  multiplying  the  product  of  the  centerline  value  of  O0  and  W  by  the  appropriate 
azimuthal  and  elevation  plane  antenna  power  pattern  distributions. 


50 


Appendix  C 

Detailed  Comparison  for  the  Two  Models 

In  the  discussions  of  the  text  we  have  introduced  the  effect  of  surface  moisture 
content  on  scattering  for  several  system  parameters  as  determined  by  the  physical 
optics  model.  In  Appendix  B  we  discussed  the  implications  of  Using  a  simplified 
scattering  model  including  the  Beckmann  and  Spizzichino  definition  of  the  scattering 
surface  dimensions.  In  this  appendix  we  will  present  detailed  comparisons  of  the 
results  obtained  by  the  two  versions  of  the  scattering  model.  Comments  will  be 
made  on  the  effect  for  the  different  scattering  system  parameters. 

The  first  topic  is  the  detailed  consideration  of  the  differences  in  the  roughness 
dependence  of  the  moisture  effects  for  the  two  models.  The  three  antenna  separa¬ 
tions  are  considered  separately. 

Figure  Cl  depicts,  for  the  full  integration  surface  model  at  5  NMi  separation, 
the  variation  in  diffuse  scattered  power  as  a  function  of  d/T;  the  curves  extend 
over  several  orders  of  magnitude  in  roughness  factor.  The  basic  results,  which 
do  not  take  shadowing  into  account,  are  represented  by  the  dashed  lines.  Several 
comments  can  be  made.  For  both  moisture  values  the  variation  with  roughness  is 
similar.  The  sandy  soil  curve  peaks  at  a  higher  value  (6.5  X  10  8  W)  than  that  for 
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the  moist  soil  (7.  5  X  10  W).  The  peak  for  the  moist  case  occurs  at  a  larger  slope 

value  (d/T)  that  is,  d/T  ~  0.  17  vs  d/T  ~  0.  06.  It  should  also  be  noted  that 
without  shadowing  the  sandy  results  remain  greater  than  the  moist  values  over  the 
range  of  slopes  considered  although  for  large  slope  values  the  two  curves  are 
approaching  each  other.  When  shadowing  is  introduced  into  the  analysis  (solid 
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curves),  several  aspects  are  affected.  The  most  obvious  difference  is  that  for 
both  moisture  cases  the  effect  on  the  diffuse  power  is  greater  for  the  larger  slope 
regimes.  Secondly  the  peak  for  the  moist  case  now  occurs  closer  to  the  peak  for 
the  sandy  soil  case.  The  reason  for  this  is  that  the  integrated  shadowing  contribu¬ 
tions  for  the  moist  soil  in  this  instance  begin  to  be  effective  at  a  slightly  smoother 
condition  than  that  at  which  the  peak  occurs.  In  fact,  the  moist  soil  peak  diffuse 
power  as  a  function  of  o/T  is  now  somewhat  less,  while  the  peak  for  the  sandy  soil 
remains  unchanged.  Another  change  from  the  unshadowed  result  is  that  the  curve 
of  shadowed  diffuse  power  for  the  sandy  soil  undergoes  a  crossover  with  the  moist 
shadowed  power  curve  near  o/T  =  1. 
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Figure  Cl.  Diffuse  Power  vs  Roughness,  Full  Surface  Model, 

€  a  (2,  1.  6)  and  e  =  (30,  0.  6),  at  a  Separation  of  5  NMi,  With 
Shadowing  and  Without  Shadowing 

Figure  C2  addresses  the  same  set  of  conditions  when  the  standard  approxima¬ 
tion  for  the  glistening  surface  boundaries  is  employed  in  the  calculations.  The 
dashed  curves  (unshadowed)  show  that  the  sandy  soil  diffuse  power  has  a  dependence 

on  a  I T  considerably  different  from  that  for  the  moist  surface.  Although  the  peak 
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values  (~2  X  10  W)  are  comparable,  the  sandy  peak  extends  over  almost  an  order 
of  magnitude  in  o/T  while  the  moist  soil  peak  is  fairly  sharp  and  occurs  at  a 
considerably  larger  o/T  ratio  (~3).  For  this  glistening  surface  case,  the  sandy 
unshadowed  results  do  not  remain  greater  than  the  corresponding  moist  values  for 
all  o/T  but  cross  over  at  o/T  ~  1.  5.  The  oscillatory  slope  pattern  that  is  visible 
in  the  curves  for  the  moist  soil  has  been  confirmed  by  an  extensive  study  of  cases 
in  the  o/T  range  of  interest,  but  there  is  no  such  trend  for  the  sandy  soil  condition. 


5  NHI 

STANDARD 


Figure  C2.  Diffuse  Power  vs  Roughness,  Standard  Surface 
Model,  €  =  (2,  1.  6)  and  e  =  (30,  0.  6),  at  a  Separation  of 
5  NMi.  With  Shadowing  and  Without  Shadowing 


This  will  be  discussed  further.  The  shadowing  results  are  interesting.  Again,  the 
moist  soil  shadowing  results  appear  at  a  slightly  smaller  o/T  ratio  than  the  dry 
soil  case.  In  this  figure,  both  sets  of  curves  show  reduced  peaks  and  the  increasing 
importance  of  shadowing  at  large  o/T  narrows  the  extent  of  the  dry  soil  peak  power. 
The  peak  shadowed  power  for  the  moist  case  occurs  at  a  lower  o/T  value  (~  1.  0) 
than  is  the  case  for  the  unshadowed  results.  The  crossover  pattern  for  the  two 
cases  is  present  for  the  shadowed  case  also,  but  it  occurs  at  that  value  of 
o/T  =  1.  0.  Above  o/T  =  1.  5,  the  effect  of  shadowing  reduces  both  soil  diffuse 
powers  by  an  order  of  magnitude. 

For  an  antenna  separation  of  30  NMi  the  full  surface  results  are  shown  in 

Figure  C3.  For  both  shadowed  and  unshadowed  conditions,  the  sandy  soil  results 
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are  greater  than  the  moist  ones.  Both  unshadowed  peaks  (3.  8  X  10  W; 
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1.  2  X  10  W)  occur  close  together  on  the  roughness  scale  as  do  the  shadowed 
peaks.  The  shadowing  reduces  the  peak  power  for  both  types  of  soil  by  a  factor  of 
two,  but  at  small  slope  values  it  is  not  clear  that  the  effect  is  more  prominent  for 
one  case  than  the  other.  At  this  antenna  separation,  neither  set  of  curves  shows  a 
crossover  in  magnitude  at  large  o/T.  Above  o/T  ~  0.  5  the  shadowed  power  is 
more  than  an  order  of  magnitude  less  than  the  unshadowed  for  both  soil  types. 
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Figure  C3.  Diffuse  Power  vs  Roughness,  Full  Surface 
Model,  £  =  (c,  1.6)  and  £  =  (30,  0.6),  at  a  Separation 
of  5  NMi;  With  Shadowing  and  Without  Shadowing 
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In  Figure  C4  the  results  obtained  are  those  for  a  separation  of  30  NMi  under 
the  usual  glistening  surface  assumptions.  The  unshadowed  sandy  soil  results  peak 
(4  X  10  11  W)  at  about  o/T  =  0.  5  roughness  while  the  moist  soil  case  shows  no 
peak  in  diffuse  power.  The  slope  changes  are  present  in  the  moist  soil  results  for 
0.4S  o/T  S  1,0  and  the  crossover  in  power  occurs  o/T  -  3.  5.  When  shadowing 
is  introduced,  the  peak  sandy  soil  power  is  reduced  by  a  factor  of  five.  Within  the 
range  of  roughness  considered,  it  is  not  clear  that  any  significant  difference  in 
effect  occurs  for  small  o/T.  It  is  interesting  to  note  that  for  the  shadowed  moist 
surface,  a  peak  does  occur  at  about  the  same  roughness  level  (0.  025)  as  the  sandy 
case.  The  slope  oscillations  are  present  for  the  moist  case,  the  effects  are  more 
pronounced  at  large  roughness,  and  the  crossover  occurs  for  o/T  ~  2.4.  Above 
o/T  ~  0.  35,  shadowing  reduces  the  power  for  both  soil  types  by  at  least  an  order 
of  magnitude. 

Figure  C5  shows  the  complete  surface  results  for  a  separation  of  50  NMi.  The 
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peak  unshadowed  values  (1.  5  X  10  W;  4.  6  X  10  W)  occur  close  to  one  another 
at  o/T  -  0.  1.  In  this  case  a  single  large  scale  secondary  maximum  is  present  for 
both  soil  cases  at  large  o/T.  The  crossover  appears  at  o/T  ~  4.  0.  Shadowing 
reduces  the  peak  powers  by  a  factor  of  three  and  shifts  them  to  a  smaller  o/T  ratio 
(~  0.  05)  but  maintains  their  coincident  occurrence.  No  difference  in  onset  is 
noticeable  and  the  crossover  appears  at  o/T  -  3.  0.  The  large  scale  effects  of 
shadowing  for  o/T  >  1.  0  have  tended  to  suppress  the  secondary  maxima,  particu¬ 
larly  for  the  moist  soil.  At  these  values  the  shadowing  effect  has  increased  to  the 
point  that  the  reduction  in  power  is  as  much  as  two  orders  of  magnitude. 
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Figure  C4.  Diffuse  Power  vs  Roughness,  Standard  Surface 
Model,  £  =  (2,  1.61  and  £  =  (30,  0.  6)  at  a  Separation  of 
30  NMi;  With  Shadowing  and  Without  Shadowing 
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Figure  C5.  Diffuse  Power  vs  Roughness,  Full  Surface 
Model,  £  =  2,  1.6),  and  £  =  (30,  0.  6),  at  a  Separation 
of  50  NMi;  With  Shadowing  and  Without  Shadowing 

The  50  NMi  results  for  the  standard  assumptions  are  shown  in  Figure  C6.  Both 

unshadowed  curves  are  similar  up  to  a  I T  ~  0.  4  where  the  dry  soil  power  peaks 

(1  X  10'11  W)  and  then  begins  to  drop  while  the  moist  soil  results  continue  on  a 
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plateau  (-  6.  7  X  10  W).  The  sandy  values  cross  those  for  the  moist  soil  at 

o/T  ~  3.  2.  Again,  slope  variations  are  present  for  the  moist  soil  case  but  not  for 
the  dry  surface.  At  the  smallest  roughness  values  considered,  both  shadowing 
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effects  are  well  established.  The  peaks  (1.  2  X  10  12  W;  9.  5  X  10  12  W)  occur 
at  o/T  ~  0.  016  and  are  an  order  of  magnitude  less  than  the  levels  reached  without 
shadowing.  The  crossover  is  present  at  o/T  -  2.  3  and  the  moist  soil  slope  varia¬ 
tions  occur  for  0,4  ^  a  I T  =  1.0.  The  shadowing-induced  reduction  in  power  exceeds 
an  order  of  magnitude  for  both  curves  beyond  o/T  ~  0.  07. 
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Figure  C6.  Diffuse  Power  vs  Roughness,  Standard  Surface 
Model,  £  =  (2,  1.  6)  and  £  =  (30,  0.  6)  at  a  Separation  of 
50  NMi;  With  Shadowing  and  Without  Shadowing 

Now  that  the  individual  figures  have  been  examined,  we  can  compare  different 
combinations  to  look  for  trends.  Examination  of  the  full  surface  results  (Figure  Cl, 
Figure  C3,  and  Figure  C5)  shows  that  the  effect  of  the  shadowing  for  both  moisture 
levels  at  30  NMi  and  50  NMi  is  to  cause  the  peaks  to  occur  at  a  lower  o/T  value, 
which  is  equivalent  to  the  peak  location  for  the  dry  soil  case  at  5  NMi  where  there 
is  no  shadowing  induced  change.  The  only  discrepancy  is  the  moist  soil  peak  at 
5  NMi  and,  even  in  that  instance,  the  shadowing  does  introduce  a  slight  move  in 
the  peak  towards  the  lower  roughness  position.  For  the  cases  that  include  shadowing, 
the  crossover  pattern  is  unusual  in  that  it  is  present  at  5  NMi  at  o/T  <  1,  is  not 
evident  at  30  NMi  (even  for  o/T  ~  6)  and  returns  at  50  NMi  but  at  o/T  ~  3.  At  both 
separations  where  crossover  occurs  the  shadowed  case  occurs  at  smaller  o/T 
than  does  the  unshadowed.  At  the  larger  o/T  values  the  effect  of  shadowing  becomes 
more  pronounced  as  the  separation  is  increased. 

The  comparisons  are  not  so  simple  for  the  corresponding  cases  (Figure  C 2, 
Figure  C4,  and  Figure  C6)  under  the  assumption  of  the  standard  Eeckmann  and 
Spizzichino  bounds  for  the  glistening  surface.  At  5  NMi,  where  the  unshadowed 
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surface  results  have  peak  locations  that  differ  by  an  order  of  magnitude  in  roughness, 
there  is  some  decrease  in  roughness  for  the  shadowed  peak  locations,  but  they  still 
occur  an  order  of  magnitude  apart.  In  contrast,  the  30  NMi  and  50  NMi  unshadowed 
results  have  only  a  plateau  for  the  moist  soil.  For  shadowing,  though,  both 
surfaces  have  peaks  and  they  occur  at  about  the  same  roughness  at  both  separations 
(o/T  ~  0.02).  Note  that  this  is  below  the  value  where  the  scattering  surface 
vanishes  at  5  NMi.  There  are  slope  variations  in  the  moist  soil  curves  for  both 
shadowed  and  non-shadowed  results  at  all  separations.  For  both  soils,  the  cross¬ 
over  is  present  at  all  three  separations  for  both  shadowing  and  no  shadowing.  In 
all  instances,  the  shadowed  crossover  occurs  at  smaller  a/T  values  than  the 
unshadowed  one.  The  o/T  ratio  at  which  shadowing  reduces  the  power  for  both  soil 
types  by  at  least  an  order  of  magnitude  decreases  as  the  separation  increases. 

The  comparisons  make  it  clear  that  the  effect  of  shadowing  is  significant  for 
a  wide  range  of  conditions  and  hence  should  be  included  for  accurate  prediction  of 
the  diffuse  scattered  power. 

In  Section  3.  1.  3  we  discussed  the  effect  of  moisture  for  successively  increasing 
levels  of  moisture.  Here  we  introduce  the  equivalent  cases,  as  calculated  by  the 
standard  model.  The  additional  results  for  the  standard  model  are  shown  in 
Figure  C7.  These  have  to  be  related  to  the  standard  case  results  of  Figure  5  to 
see  the  progression  of  results.  This  figure  also  allows  us  to  examine  the  slope 
changes  seen  for  the  moist  cases  at  additional  conditions. 

The  discussion  of  this  set  of  results  is  interesting.  If  we  consider  the  full 
integration  cases  we  see  that  the  general  pattern  is  similar  for  the  entire  range 
of  conditions.  The  peak  power  decreases  with  increasing  moisture.  However,  the 
effect  depends  on  the  separation  and  varies  from  a  factor  of  three  difference  at 
50  NMi  to  an  order  of  magnitude  at  5  NMi.  Moreover  the  peak  is  shifting  to  slightly 
larger  roughness  values  for  the  extremely  moist  cases  at  5  NMi  while  there  does 
not  appear  to  be  an  equivalent  shift  at  lower  moisture  levels. 

For  the  standard  cases  the  curves  for  30  NMi  and  50  NMi  are  extremely  close 
for  all  moistures.  At  the  5  NMi  separation  the  general  trends  are  similar  except 
for  the  extremely  moist  case.  All  three  other  cases  show  a  shifted  peak 
(a/T  ~  0.  1)  with  a  change  of  about  a  factor  of  two  in  peak  power  which  is  again 
different  from  the  other  separations.  The  curve  for  the  extremely  moist  case  is 
considerably  variant  from  those  of  the  other  cases.  It  peaks  at  an  order  of 
magnitude  greater  roughness  than  the  others  and  has  a  distorted  slope.  Its  peak 
drops  sharply  (a  factor  of  four  less  than  that  of  the  dry  case)  and  no  similarity 
to  the  remaining  cases  is  evident. 
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Figure  C7.  Diffuse  Power  vs  Roughness,  Standard  Surface 
Model  With  Shadowing,  £  *  (6,  0.5),  and  e  »  (11,  2): 

- 5  NMi. _  30  NMi,  and . 50  NMi 


This  series  of  curves  confirms  that  the  slope  variations  are  moisture  related. 
There  are  no  indications  of  slope  variations  for  the  relatively  dry  cases  but  as  the 
moisture  increases  the  variations  appear.  They  are  present  at  all  separations 
when  they  appear,  even  for  the  anomalous  5  NMi  extremely  moist  case.  When 
present,  their  constant  roughness  relationship  is  independent  of  moisture  or 
separation,  again  including  the  anomalous  case.  Also,  the  full  integration  results 
show  no  sign  of  this  behavior  for  any  separation  or  for  any  degree  of  moisture  in 
the  soil. 

The  comparison  of  the  full  integration  results  with  those  of  the  standard  solu¬ 
tion  shows  that  the  standard  approach  for  these  system  parameters  would  show  no 
effect  of  moisture  at  30  NMi  or  50  NMi  while  the  more  exact  solution  changes  by  a 
factor  of  three  or  four;  at  5  NMi  the  standard  solution  shows  changes  of  a  factor 
of  two  (four  in  the  extreme  case)  whereas  the  full  integration  solution  changes 
more  than  an  order  of  magnitude. 

It  should  be  stressed  that  the  magnitudes  shown  here  are  for  the  particular 
set  of  system  conditions  used,  but  the  differences  suggest  that  careful  considera¬ 
tion  should  be  given  when  using  standard  solution  methods  to  evaluate  the  effect  of 
moisture  on  rough  surface  scattering  of  electromagnetic  waves.  The  next  section 
of  this  report  examines  how  changes  in  various  conditions  affect  the  diffuse  power. 
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Following  the  sequence  of  results  analyzed  in  the  text  we  next  address  the 
detailed  analysis  of  the  cases  at  each  separation  for  the  antenna  with  reversed 
azimuthal  power  patterns.  These  results  are  shown  in  Figure  12  for  the  simplified 
model. 

If  we  examine  the  diffuse  power  at  5  NMi,  we  see  that  the  anomalous  moist 
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surface  behavior  is  present  with  the  unshadowed  peak  (2.  3  X  10  W)  occurring  at 
o/T  ~  1. 0  whereas  the  dry  soil  peak  (1.2  X  10”®  W)  occurs  at  o/T  ~  0.  1.  Both 
soils  show  the  crossover  effect  in  the  shadowed  and  unshadowed  cases.  The 
reduction  in  peak  power  for  shadowing  is  greater  in  the  moist  soil  case  since  the 
peak  occurs  at  a  point  where  shadowing  effects  are  stronger  due  to  the  increased 
roughness.  Thus  the  effects  of  shadowing  is  to  bring  the  peak  location  for  the 
moist  case  closer  to  that  of  the  dry  soil  peak.  For  o/T  =  2  shadowing  reduces 
both  sets  of  results  by  about  an  order  of  magnitude.  The  unusual  slope  changes  in 
the  moist  soil  case  are  present  in  both  curves. 

At  30  NMi  the  more  typical  patterns  are  again  present.  The  unshadowed  dry 
and  moist  soil  results  peak  relatively  close  together  (4  X  10-10  W;  1.5  X  10-1®  W) 
with  the  moist  soil  case  having  a  more  gradual  slope  near  the  peak.  As  a  result 
of  this,  when  shadowing  is  included  in  the  calculation,  the  peak  for  the  moist  case 
occurs  at  a  smoother  surface  condition  than  that  of  the  dry  soil.  The  effect  of 
shadowing  reduces  the  peak  power  by  a  factor  of  three  or  four.  Crossovers  occur 
in  both  sets  of  curves  and  above  o/T  ~  0.  35,  shadowing  reduces  the  power  for  both 
soil  types  by  at  least  an  order  of  magnitude.  The  secondary  peaks  in  the  moist 
surface  case  are  present  as  expected. 

At  50  NMi  we  see  that  again  both  unshadowed  peaks  (1.  5  X  10~10 W;  5  X  10-11  W) 
are  similarly  located.  The  sandy  values  cross  those  for  the  moist  soil  at 
o/T  ~  2.0.  At  the  smallest  roughness  values  considered,  shadowing  effects  are 
well  established.  The  peaks  (2  X  10*11  W;  IX  10-11  W)  are  a  factor  of  five  less 
than  the  unshadowed  ones,  occur  at  lower  o/T  values,  and  are  not  at  the  same  point 
(the  moist  peak  precedes  the  dry  which  is  again  consistent  with  the  more  gradual 
slope  near  the  maximum  for  the  moist  case).  Shadowing  reduces  power  by  an  order 
of  magnitude  for  both  cases  above  o/T  ~  0.  2  and  crossovers  are  present  for  both 
shadowed  and  unshadowed  results.  Secondary  maxima  are  present  for  the  moist 
soil  case  but  not  for  the  dry  surface. 

If  we  compare  the  present  results  with  the  corresponding  ones  in  Figure  C2, 
Figure  C4,  and  Figure  C6,  we  see  that  the  general  effect  of  changing  the  antenna 
pattern  is  to  increase  the  peak  power  by  an  order  of  magnitude  in  all  instances.  At 
all  separations,  the  steeper  slopes  near  the  peak  of  the  dry  soil  case  for  the  new 
pattern,  are  much  more  similar  to  the  slopes  of  the  moist  soil  cases  in  the  original 
antenna  pattern  results  than  are  the  gradual  moist  surface  slopes  of  this  new  pattern. 
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For  both  patterns,  the  5  NMi  results  are  atypical.  Also,  at  30  NMi  and  50  NMi  the 
moist  soil  unshadowed  cases  tended  not  to  peak  but  maintained  a  slight  rise. 
Another  distinction  is  that  the  modified  pattern  tended  to  enhance  the  magnitude  of 
the  secondary  slope  variations  for  the  moist  soil  case. 

The  study  of  how  the  use  of  the  simplified  model  affects  the  results  continues 
with  the  case  where  the  polarization  of  the  signal  has  been  changed  to  horizontal 
polarization. 

To  examine  how  the  different  scattering  surface  model  affects  the  results  we 
present  the  standard  model  results  in  Figure  C8.  At  all  three  roughness  levels 
there  is  virtually  no  effect  of  moisture  (the  moist  soil  results  are  negligibly  higher 
at  close  distances).  The  power  trends  are  typical  of  the  standard  surface  model 
with  the  overprediction  at  large  separations  and  vanishing  surfaces  for  the  smooth 
surface  conditions.  Thus,  use  of  the  standard  models  leads  not  only  to  incorrect 
power  levels  but  also  to  suppression  of  the  moisture  effects. 


ANTENNA  SEPARATION  (KM) 


Figure  C8.  Diffuse  Power  vs  Antenna  Separation 
for  a  Horizontally  Polarized  Signal,  Standard 
Surface  Model  Without  Shadowing,  at  Three  Rough¬ 
ness  Levels:  _ t  ■  (2,  1.6)  and _ t  =*  (30,0.6) 
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The  final  area  in  which  we  examine  differences  in  behavior  as  reflected  in  the 
two  analytical  models  is  that  of  signal  wavelength.  The  full  integration  results 
were  discussed  in  Section  3.  4.  1.  To  show  differences  we  compare  the  results 
from  Figure  15  with  corresponding  cases  for  the  simple  model  as  shown  in 
Figure  C9.  Two  basic  differences  can  be  seen  in  the  effects.  For  T  =  10  m  the 
standard  model  results  in  less  diffuse  power  and  decreases  the  relative  effect  of 
moisture.  At  T  =  100  m  the  same  type  of  behavior  occurs  and  in  addition  there  is 
the  cut  off  of  power  at  short  separations. 


ANTENNA  SEPARATION  (KM) 


Figure  C9.  Diffuse  Power  vs  Antenna  Separation 
at  a  Wavelength  of  0.  1  M,  Standard  Surface  Model 
Without  Shadowing,  at  Two  Roughness  Levels; 
-  €  =  (2,  1.  6),  and _ €  ■  (30,  0.  6) 


This  comparison  completes  the  discussion  of  the  sequence  of  results  generated 
by  the  two  models.  The  results  are  included  in  the  text  in  the  summary  of  condi¬ 
tions  examined  in  the  study. 


MISSION 
of 

Rome  Air  Development  Center 

RADC  plan*  and  executes  research,  development,  test  and 
selected  acquisition  program  in  support  oi  Coimand,  Contort 
CormunccatoofU  and  Intelligence  (C*l)  activities.  Technical 
and  tngtne.vujig  Support  within  areas  oi  technical  competence 
as  pnovAded  to  ESP  Program  Offices  IPOs)  and  other  ESV 
elements.  The  principal  technical  mission  areas  ate 
coimmicatcons ,  electromagnetic  guidance  and  control,  sur- 
vzrtiance  oi  ground  and  aerospace  object s,  intelligence  data 
collection  and  handling,  information  system  technology, 
total  rtate  sciences,  electromagnetics  and  electronic 
reluwxlAty,  maintainability  and  compatibility. 


Printed  by 

United  State*  Air  Perce 
Hanacem  APB,  Mots.  01731 


